The effects of twenty-one kinds of less than 0.5at% additional elements and heat treatments on the fracture characteristics of Al-2.5at% Zn-2at% Mg alloy were mainly studied by the measurements of tensile properties and resistance to stress-corrosion.
I. Introduction
Grain boundary fractures of Al-Zn-Mg alloys are generally observed in stress-corrosion tests in aqueous chloride environments, although they are often observed in tensile or bending test in air under certain conditions of heat treatment. This deterioration in properties has been considered to be due to the grain boundary precipitates or the precipitate-free zones along grain boundaries (called PFZ in the following).
As to the matter, Varley et al.
(1), Thomas and Nutting(2) and Polmear(3) have strongly argued that the PFZ would be deleterious owing to preferential plastic deformation and fracture in the zones, while Ryum et al.(4)(5) showed that deformation occured in narrow slip bands through the grains.
They suggested that the presence of PFZ has the tendency to suppress crack formation if the width is sufficiently large to permit the local stress to be relaxed by plastic yielding in the zones.
been carried out on the effects of additional elements and heat treatments upon the mechanical properties and microstructures of Al-Zn-Mg alloys. However, these investigations would give no direct information on the variation in ductility or the brittle fracture, the properties probably most strongly affected by the PFZ, since the aging process has very often been studied by hardness measurements. Thus, the present investigation has been carried out in order to study the effects of additional elements and heat treatments on the fracture characteristics of Al-2.5at% (6wt%) Zn-2at% (1.8wt%) Mg alloy and to clarify the nature of grain boundary fracture.
II. Experimental Procedure
The base alloys used in this investigation were Al-2.5at% (6wt%) Zn-2at% (1.8wt%) Mg alloys, and a small amount each of the elements, Li, Be, Si, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Ge, Zr, Mo, Ag, Cd, In, Sn, Pb and Bi, was added to these alloys. Materials and the amount of each additional element are listed in a previous paper(11).
then cold rolled to the final thickness of 1mm for tensile and stress-corrosion tests.
for 3 hr and water-quenched. In some cases, specimens
Tensile tests were carried out in the air at room temperature on the specimens 12.5mm wide and 50mm in gauge length. Stress-corrosion tests were conducted in 3.5% NaCl solution at room temperature under conditions of constant load and constant deflection. The constant load tests were operated at a static tension stress of 75% of the 0.2% proof stress on the specimens of 7mm wide and with gauge length of 25mm. Specimens 20mm wide and 200mm long of the constant deflection type were stressed by holding their ends in a rigid jig at various bending radii from 12.5mm (U-bend specimens formed by plastic deformation) to 250mm. III. Experimental Results Figure 1 shows the effect of the additional elements on the tensile properties of Al-2.5 at% Zn-2 at% Mg alloy than 0.01at% In and 0.03at% Cd decrease remarkably both tensile strength and elongation of the alloys in the as-quenched state. The addition of more than 0.03at% Zr also decreases the elongation but increases the tensile strength. The effects of Cr, Mn, V, Fe, Mo, etc. on the tensile properties are similar to the case of Zr. As shown in Fig. 2 , the recrystallized grains are considerably etc., and particularly the alloys containing more than 0.05at% Zr are not completely recrystallized by the soluthat the brittle fractures in In or Cd-bearing alloys occur along the recrystallized grain boundaries. The fractures in other alloys are completely transcrystalline. Figure 3 shows the effect of the additional elements on the tensile properties of Al-2.5at% Zn-2at% Mg alloy Zn-2at% Mg alloy at% Ag increase the tensile strength. The effect of Zr is most, marked, followed by Mo, V, Cr, Mn, Fe, Ti and others. This may be associated with the grain refining by these elements. According to the microscopic observation, the mode of fractures in the alloys larger than about 0.5mm grain diameter is also of the same grain boundary Figure 5 shows the effect of solution treatment temperature on the tensile properties of Al-2.5 at% Zn-2 at% Mg and the alloys containing small amounts of typical additional elements. The tensile strength of the pure with increasing solution temperature, while the elongation is nearly zero percent.
This trend is strongly reduced by the addition of 0.05at% Zr or 0.1at% Cr. It has been shown that the grain refining is very effective for the improvement of brittle fracture of the alloys. Therefore, the elongation as well as the tensile strength increases when even the alloy containing 0.1at% Ag is when the alloy containing 0.05 at% Cr results in a larger Figure 6 shows the effect of quenching rate on the tensile properties of Al-2.5 at% Zn-2at% Mg and the alloys containing 0.1at% Ag, Cu, Cr and Zr quenched gation as well as the tensile strength of pure ternary alloy and the alloys containing 0.1 at% Ag and Cu has a trend to decrease with decreasing quenching rate. The tensile strength of the alloys containing 0.1at% Zr and Cr also decreases remarkably with decreasing quenching rate, but the elongation is little changed. According to the microscopic observation, the mode of fractures in the former alloys, which have in general large grain-sizes of of the quenching rate. However, the fractures in Zr or
Cr-bearing alloys are transcrystalline. In order to examine whether a polygonized structure improves the grain boundary embrittlement, tensile testing has been carried out on the Ag-bearing alloys of Fig. 6 Effect of quenching rate on the tensile properties of Al-2.5at%
Zn-2 at% Mg and the alloys containing quenched, aged at room temperature for 2 hr, and stretched 2% in a tensile testing machine. The poly- Figure 7 shows the effects of quenching rate, aging time and polygonized structure on the tensile properties of Al-2.5 at% Zn-2 at% Mg-0.1 at% Ag alloy quenexpectation, the polygonized structure has not improved the grain boundary embrittlement but rather has decreased the tensile strength because of the acceleration of preferential precipitation on the sub-grain boundaries during slow quenching. Moreover, in order to make clear the relation between the fracture characteristics and the quenching rate, the fatigue strength and the Charpy impact value as well as tensile properties were measured on Al-2.5 at% Zn-2at% Mg extruded bars. The fatigue tests were conducted on an Ono's type rotation-beam fatigue tester. Table 1 shows the result obtained on the ternary pure All mechanical properties of the slowly quenched specimens are inferior to those of the water-quenched specimens, in spite of the difference in the mode of fractures (predominantly intercrystalline in tensile and transcrystalline in fatigue).
Since grain boundary fractures of Al-Zn-Mg alloys have been more often observed in the stress-corrosion tests in aqueous chloride environments than in the tensile tests, the relation between the fracture characteristics under a static tension stress in 3.5% NaCl solution and the additional elements or heat treatments has been investigated. Figure 8 shows the effect of the additional elements on the stress-corrosion property of Al-2.5 at% Fig. 7 Effects of quenching rate, aging time and polygonized structure on the tensile properties of Al-2.5 at% Zn- a static tension stress of 75% of the 0.2% proof stress is increased by the additions of Zr, Mo, Cr, V, Mn, Ag, Cu at% Zr, Mo and 0.2at% Cr did not show the fracture even after 500hr. Electron microscopic observation particle size formed by these additional elements exist in the alloys containing Zr, Mo and Cr.
In the alloy conin particle size. Ag and Cu in solid solution have equally increased the resistance to stress-corrosion under the static tension stress. However, as clarified from the numerals in Fig. 8 , the 0.2% proof stress of Ag-bearing alloy only was less than that of the pure ternary alloy, for example the decrement of 7.5kg/mm2 by the addition of 0.1 at% Ag, while the other additional elements increased the proof stress. Since it seemed that the value of proof stress influenced the resistance to stresscorrosion, stress-corrosion tests under a condition of constant deflection were conducted to especially confirm the effect of Ag. Fig. 9 shows the effects of 0.1at% Ag, Cu, Zr, 0.2at% Cr or 0.3at% Mn and solution treatments on the stress-corrosion property under a Table 1 Effect of quenching rate on the mechanical properties of Al-2.5 at% Zn-2 at% Mg alloy quenched condition of constant deflection for Al-2 .5 at% Zn-2 48 hr. Generally for each alloy and condition of heattreatment, at least five U-bend specimens with a bending radius of 12.5mm were dipped in 3.5% NaCl solution for 100 days. It seems that the time to fracture is rather decreased by the addition of 0.1at% Ag, except Fig. 9 Effects of some additional elements and solution treatments on the stress corrosion property under constant deflection at a bending radius of 12.5mm for Al-for the specimens subjected to solution treatment at effect on the resistance to stress-corrosion as that under the condition of constant load, irrespective of the solution treatments. The effect of 0.1at% Zr, 0.2at% Cr or 0.3at% Mn decreases with increasing solution temperature. These elements produce a substantial grain refineintermetallic compounds formed by these elements are coagulated or dissolved with increasing solution temperature. Figure 10 shows the effects of some additional elements and quenching rate on the stress-corrosion property under constant deflection at various bending radius for Al-0.1at% Zr or Cr did not fail in this test. Not only the Cu addition but also Ag has same effect on the resistance to stress-corrosion as that under the constant load, while the effect decreases with decreasing the bending radius. The time to fracture of the pure ternary alloy and the alloys containing 0.1at% Ag or Cu is remarkably inMicroscopic observations show that the stress-corrosion fractures of the alloys occurred along the recrystallized grain boundaries. Fig. 10 Effects of some additional elements and quenching rate on the stress corrosion property under constant deflection at various bending radius for Al-2.5
IV. Discussion
In the specimen containing 0.1at% Cd, as shown in Photo. 1, cracks along the recrystallized grain boundaries were observed in the as-quenched state. The same cracks were observed in the specimens containing more than 0.01at% In. Moreover, according to the microscopic observations, no unusual precipitates were observed at grain boundaries in the specimens of Cd or In-bearing alloys. It is therefore considered that the grain boundary embrittlement of Al-Zn-Mg alloys by small amounts of Cd or In is due to grain boundary segregation of these additional elements. Table 2 Effects of additional elements and heat-treatments on the maximum observed width of PFZ Al-2.5 at% Zn-2at% Mg-0.1 at% Cu alloy slowly quenCrack runs along large precipitates on a grain boundary within PFZ. Therefore, this intercrystalline weakness is mainly due to the development of mechanically weak, solute depleted zones along the grain boundaries, as a result of preferential grain boundary precipitation.
On the other hand, it is very interesting that the presence of very coarse precipitates along grain boundaries and of wide PFZ caused by the slow quenching can remarkably increase the resistance to stress-corrosion fracture, although the mode of fracture is of an intercrystalline type. This may be caused by the fact that the associated wide PFZ decreases the anodic dissolution rate (12) and also the stress concentration(s) at grain boundaries.
The higher solution temperature and the addition of Ag weaken the cohesivity across grain boundaries of AlZn-Mg alloy in the fully aged conditions. This may be due to the increase in diffusion of solute atoms to grain boundaries(11) and also in stress concentration at narrow PFZ(5)(7).
The fact that the polygonized structure has not improved the grain boundary embrittlement may be due to the difficult appearance of mechanically weak, solute depleted zones along the subgrain boundaries because of smaller size of precipitates at sub-boundaries than grain boundaries.
The additions of Zr, Mo, V, Cr and Mn improve strongly the resistance to stress-corrosion as well as the tensile properties when these elements are finely distributed as the insoluble compounds, leading to the refining of recrystallized grains. As shown in Table 2 , the width of PFZ in the alloys of fine grain-size is not smaller than that in the pure ternary alloy of large grain-size. Moreover Photo. 3 shows that the insoluble compounds also act as the PFZ like the grain boundaries.
Therefore, this improvement of the resistance to stress-corrosion is probably associated with the increase in boundary area, namely the corresponding PFZ by the grain refining and especially the presence of insoluble compounds. The fact that the effect of Mn is less marked than of Cr, Mo or Zr may be due to a larger size but a lower density of the insoluble Mn-rich compounds.
The additions of Fe, Co and Ni are also effective on the grain refining of AI-Zn-Mg alloys, but the resistance to stress-corrosion is
